We investigate vibron-assisted electron transport in single-molecule transistors containing an individual Fe 4 Single-Molecule Magnet. We observe a strong suppression of the tunneling current at low bias in combination with vibron-assisted excitations. The observed features are explained by a strong electron-vibron coupling in the framework of the Franck-Condon model supported by density-functional theory.
versal of the SMM magnetic moment via an external magnetic field was indirectly observed in the conductance map from the coupling to vibrational excitations of the nanotube. Therefore, electron-vibron coupling may be in principle used to detect the magnetic states of nanostructures and, conversely, to manipulate their transport and magnetic properties.
An interesting feature induced by electron-vibron coupling is the Franck-Condon (FC) blockade effect which occurs when electric charge is strongly coupled to vibrations. A manifestation of the FC blockade effect is that single-electron tunneling is suppressed at low bias for any gate voltage. 17, 18 It was first observed by Weig et al. 19 in electron transport through GaAs/AlGaAs quantum dots of several hundreds of nm. The FC blockade effect was later observed in suspended carbon nanotubes 2, 3 that are typically orders of magnitude larger than individual molecules. So far, however, the FC blockade effect has not been systematically analyzed in single-molecule junctions despite several experimental studies focusing on electron-vibron coupling.
In this letter, we show experimental evidence of the FC blockade effect in electron transport via an individual magnetic molecule and present supporting calculations from density-functional theory (DFT). We investigate sequential electron tunneling (SET) through a SMM Fe 4 20 in a threeterminal configuration shown in Figure 1 . We observe a dramatic suppression of current at low bias in combination with evenly spaced lines parallel to the Coulomb diamond edges in the conducting region. The suppression of current cannot be lifted by a gate voltage. The energy spacing of the excitations is 2.6 meV and is not affected by an applied magnetic field, thereby ruling out a possible magnetic origin. The energy spacing and the estimated resultant electron-vibron coupling constant are consistent with our DFT-calculated values. In addition, the DFT calculations suggest that the electron-vibron coupling can be enhanced by avoiding chemical bonding at the interface. pling. An underlying gate electrode is used to tune the levels of the molecule independently from the bias voltage, as illustrated in Figure 1c . Importantly, our previous measurements showed that the magnetic structure of Fe 4 is preserved in a three-terminal configuration. 23 Measurements are performed at 1.8 K unless specified otherwise. Interestingly, two remarkable features are observed in the dI/dV map. First, SET is highly suppressed at low bias below a threshold value V th = ±7.4 meV. As a result, the Coulomb diamond edges do not intersect at zero bias, that is, no dI/dV peak is observed at zero bias. This low-bias gap cannot be lifted by sweeping the gate voltage. Second, evenly spaced lines parallel to the Coulomb diamond edges are observed at positive and negative bias for |V | > |V th | (see Figure 2a ).
The lines become more visible when a numerical derivative of the dI/dV is taken as shown in Figure 2b . The energy spacing between these excitations is ∆E = 2.6 meV. In the presence of a magnetic field, the Coulomb diamonds shift in gate as a result of the magnetic properties of the Fe 4 SMM. Interestingly, the value of ∆E is independent of applied magnetic field and therefore we rule out a magnetic origin for the excitations (see Supp. Info. for details). Moreover, the value of ∆E is symmetric with respect to the bias polarity and it is independent of the charge state, which is fingerprint of a vibronic origin. We emphasize that these two features with similar values of ∆E are observed for two additional junctions, each of which contains a single Fe 4 molecule. A discussion on the features of these additional junctions are presented in the Supporting Information. However, not all the Fe 4 molecular junctions show FC blockade as we discuss later.
The zero-bias conductance suppression may originate from the FC blockade effect 17, 24 which occurs when the dimensionless electron-vibron coupling λ is strong, i.e. λ ≫ 1. So far, direct experimental evidence of the effect has been reported for carbon nanotubes 2,3 and semiconductor quantum dots, 19 which are about 100 times larger in size than Fe 4 . Figure 2c illustrates the FC blockade model. For a system with a large value of λ , the equilibrium coordinates of the electronic ground state greatly differ from those of an electronic excited state. In the present case of Fe 4 , this corresponds to the case that the equilibrium geometry of the N charge state is very different from that of the N + 1 charge state, as sketched in Figure 2c . A transition from the vibrational ground level n = 0 of the N state to the vibrational ground level of the N + 1 state is exponentially suppressed with λ . 17 The low-bias gap observed in Figure 2b is due to the suppression of this transition. However, the probability for transitions to occur from the n = 0 level of the N state to the n = 0 levels of the N + 1 state increases with a FC factor 24
where n is a vibrational quantum number with frequency ω 0 , assuming that only one vibrational mode is considered. Note that the FC factor only depends on the dimensionless quantities λ and n.
Transitions involving higher-energy vibrational levels (n = 0) start to contribute to the sequential tunneling when n > λ 2 /(2 log λ ) ∼ λ 2 (see also Eq. (1)). The observed parallel lines in the SET region in Figure 2b are due to such transitions and therefore the energy spacing ∆E of the lines corresponds tohω 0 . The suppression of the conductance is predicted to be prominent for equilibrated vibrons with zero relaxation time 17 and for k B T ≪hω 0 , which meets our experimen- relative to the electrodes, although the frequency could be of the order of meV, as shown for the C 60 molecule. 5 The oscillations are coupled to the Fe 4 via displacement-dependent tunneling matrix elements. 27 We estimate that the coupling strength of the oscillations can not induce FranckCondon blockade. More details on this issue can be found in the Supp. Info.
So far, the analysis of our experimental data consistently shows that the measured conductance map is due to the FC blockade effect withhω 0 = 2.6 meV and λ ≃ 2. 
where ω and M are the normal-mode frequency and the square diagonal matrix of atomic masses, respectively. Ω T is the transpose of the mass-weighted normal-mode column eigenvector with Finally, we discuss possible sources of discrepancy between the experimental data and the DFT calculations. The first source is that the distribution of an extra electron added (or tunneled) to a neutral Fe 4 molecule has not been experimentally determined. The DFT-calculated value of λ depends on the difference in equilibrium coordinates of the neutral and charged Fe 4 SMMs, as shown in Eq. (2) . Changes in the distribution of the extra electron can significantly change this difference and they may break the molecular twofold symmetry. In our DFT calculations, we consider one particular charge distribution where the extra electron is uniformly distributed over all the four Fe ions. In the case of carbon nanotubes, it was reported that strong electron-vibron coupling is induced when the tunneled electron is localized. 2 The second source is that the value of λ depends on environmental factors, 7 ,29 yet DFT calculations do not fully capture them, such as image charge effects, localized charge impurities, and various molecular orientations relative to the electrodes. In this direction, note that we do not observe FC blockade in all Fe 4 devices. Similarly, a variation of λ for different devices has also been observed for carbon nanotubes 29 and C 140 molecules. 7 The aforementioned two sources are correlated and make it difficult to theoretically precisely assign a particular mode as the cause of the FC blockade. A further study along this direction is interesting but beyond the scope of the current work.
In conclusion, we have studied single-electron transport via an individual Fe 4 SMM in threeterminal devices. We have observed a suppression of the low-bias conductance and explained its origin with a FC blockade effect caused by strong coupling between the electric charge and a vibrational mode of the Fe 4 . From a detailed comparison with the FC model, we extracted the values of the vibron frequency and electron-vibron coupling constant from our experimental data. The values agree with the DFT-calculated results, which also suggest the possibility of increasing the coupling by avoiding chemical bonding at the interface. This is the first direct experimental evidence of the FC blockade effect for a small magnetic molecule with a diameter of about 2 nm. Our findings will stimulate further research on the role of molecular vibrations in molecular transport and more specifically on the impact of such strong electron-vibron coupling on the molecular spin degrees of freedom.
